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INTRODUCTION
T WIST , the TRIUMF Weak Interaction Symmetry Test, is in the process of measuring the parameters describing the angle (with respect to muon spin) and energy distributions of positrons (e + ) from positive muon (µ + ) decay. These muon decay parameters, or Michel parameters (after Prof. L. Michel [1] ), offer a compact and convenient prediction of the electroweak interaction in muon decay. They can be related to a more recent description in terms of coupling constants for interactions of muons and electrons of definite handedness [2] .
The results reviewed here represent an increase in the experimental precision for the ρ [3] and δ [4] parameters by factors of 2.5 and 2.9 respectively. We are in the process of further improving these results at the same time as we make our first direct measurement of P µ ξ. The eventual goal of T WIST is to improve all three parameters by at least one order of magnitude compared with previous experiments.
PHYSICS MOTIVATION
The Standard Model of the strong, weak and electromagnetic interactions, based on the gauge group SU(3) C ×SU(2) L ×U(1) Y , has proven to be remarkably successful in describing the existing experimental observations. At present, there exist no experimental results that deviate from its expectations, with the exception of neutrino oscillations which in any case result from a simple extension to the mass matrices. However, the Standard Model is universally believed to be an incomplete theory of nature in spite of its many successes, and many extensions have been proposed.
Normal muon decay (µ → eνν) is a process which is exceptionally well suited to studies of the space-time structure of the weak interaction. This comes about because the purely leptonic nature of the decay eliminates many uncertainties due to internal structure of the particles or to contributions from other interactions.
By assuming a completely general, local, lepton-number-conserving, four-fermion point interaction, the matrix element for muon decay can be written in the charge-changing form as [2, 5] :
This includes scalar, vector, and tensor (Γ S , Γ V , Γ T ) interactions among charged lepton spinors of definite chirality (ε, µ = R or L). There are 10 complex amplitudes g γ εµ (g T LL and g T RR are zero), resulting in 19 independent real parameters. In the Standard Model, g V LL = 1 and all others are zero (a V −A interaction). Constraints on the values of the coupling constants are derived from observables.
Under the same assumptions, neglecting neutrino masses and radiative corrections and averaging over the polarization of the decay e + , the differential decay rate of the positive muon is expressed as [1, 6, 7] 
where
The isotropic and asymmetric parts, respectively, in the decay rate are written in terms of the decay (Michel) parameters ρ, η, δ, and ξ.
Radiative corrections to the distribution are substantial, and must be incorporated. Corrections have been calculated including full O(α) radiative corrections with exact electron mass dependence, leading and next-to-leading logarithmic terms of O(α 2 ), leading logarithmic terms of O(α 3 ), corrections for soft pairs, virtual pairs, and an ad-hoc exponentiation [8, 9, 10] . The result is adequate for measurements with a precision better than 10 −3 , and higher order estimates, motivated by the sensitivity of T WIST , have recently been reported [11] . The Standard Model predicts the decay parameters to take the values ρ = Fetscher et al. [2] expressed the relationship in terms of probabilities Q εµ (ε, µ = R, L) for a µ handed muon to decay into a ε handed electron:
To demonstrate how the Michel parameters can be used in a model independent test for handedness of the muon coupling, the probability for a right-handed muon coupling can be written as:
The Review of Particle Physics [5] summarizes the best measurements prior to T WIST :
The first publications from T WIST [3, 4] reduce the uncertainties in ρ and δ by factors of 2.5 and 2.9 respectively. In combination with Eq. 11 and the positive semidefinite probability EXA05, ViennaG.M. Marshall of Eq. 6, the value of P µ ξ is significantly constrained as well. The main goal of T WIST is to search for new physics through more precise measurements of the muon decay parameters. We aim to set new limits on the right-handed coupling of the muon in a model independent way, as well as to squeeze the parameter space for classes of extensions to the Standard Model, such as those invoking left-right symmetry, with less model dependence than otherwise possible.
Left-right symmetric (LRS) models include a heavier partner to the standard W boson which has right handed coupling. Mixing of the two bosons W 1 ≈ W L and W 2 ≈ W R of mass M 1 and M 2 , with angle ζ, leads to small deviations of ρ and ξ from the Standard Model values. For example, a particularly simple version of an LRS model suggests
A model which incorporates a nonlocal tensor interaction, motivated in part by results on weak radiative pion decay, leads to a modification of the Michel form and an independent parameter, κ [12] . If such a parameter was not zero, the effect on the decay spectrum shape would be a correlation with δ such that δ = 
THE EXPERIMENT

The detector array
The T WIST detector ( Fig. 1) is described in detail in [13] . It consists of a symmetric array of planar detectors, called the detector stack, which is constructed to very high precision with attention paid to minimizing the amount of material in the tracking region. It consists of 56 low-mass high-precision planar wire chambers. T WIST uses two types of wire chamber detectors, which we call DCs and PCs; both types measure either the u or v coordinate, in a system rotated by π/4 from the horizontal-vertical (x, y) system. The DCs provide precise spatial information for track reconstruction, while the PCs offer better time resolution essential for event classification and track identification. Planes are positioned with relative accuracy of 5×10 −5 in the z (beam and magnetic field) direction, using specially constructed glass ceramic spacers. Alignment in the transverse u, v directions is accomplished with fits of straight tracks, but depends also on the wire separation accuracy which was measured with rms value of σ = 3.3 µm for 6,304 sense wires in the chamber modules (including spare modules).
At the center of the array is a thin target in which the muons stop. The detector allows very precise measurement of positron decay tracks symmetrically, in forward and backward directions, while minimizing interactions which would broaden and distort the detector response function. The planar geometry means that the energy loss, which depends on the length of a track in any material in its path, has primarily a simple 1/| cos θ| dependency.
Solenoidal field
The detector stack is in a very uniform solenoidal field of 2 T, produced by a superconducting solenoid which was originally constructed about twenty years ago as an early-generation whole body MRI field device. The cryostat vacuum enclosure has an inner diameter of 100 cm and a length of 223 cm. An external steel yoke was fabricated to produce the required field uniformity for the detector tracking volume. It also functions to contain the return field, reducing its effect on nearby people and equipment while also reducing the influence of external changes such as the position of the building crane on the internal field. The yoke was modeled with OPERA-3d prior to fabrication. It is 20 cm thick at the top and sides, and 8 cm thick at the ends. The downstream end of the yoke is hinged for easy installation and removal of the detector cradle. Within the tracking volume (|z| < 500 mm, r < 160 mm), field map measurements determine the variations of the field as a function of position to 5× 10 −5 . The field is uniform over the full volume to 4×10 −3 (full width); however, non-uniform field maps of precision approaching the measured maps, obtained by matching the measurements to an OPERA-3d calculation, are used for analysis and simulations. The field has also been mapped at 1.96 T and 2.04 T.
The muon beam
A thin scintillator records the incoming muon, providing an unbiased trigger for events. The incident beam characteristics and the beam entrance path are engineered so as to minimize depolarization, the knowledge of which is crucial in setting limits on P µ ξ.
Muons for T WIST are produced from positive pions (π + ) decaying at rest, at or near the surface of the pion production target (surface muons). For a massless left-handed neutrino, the absence of non-Standard Model interactions leads to a positive muon (µ + ) with spin antiparallel to the momentum direction. The result is that surface muons have a high polarization in a direction opposite to the beam direction. They can be distinguished from so-called cloud muons of lower (and opposite) polarization using time-of-flight separation with respect to the convenient 43 ns RF period of the accelerator.
Several factors contribute to a difference of the polarization from the ideal value. Most are controlled via a high quality, low emittance beam transport system, the M13 beam line, from the pion production target to the T WIST solenoid entrance. The resulting beam consists of about 2.5×10 3 muons per second at about 29.6 MeV/c, where the muon range is only approximately 1.5 mm in materials of density near one.
First of all, scattering of muons changes the momentum direction but not the spin direction, which leads to depolarization of the beam. A small and well-characterized emittance, with a narrow momentum variation as close as possible to the maximum surface muon value, make this depolarization small and easily estimated. Second, depolarization may also occur in the interactions of muons during and/or after thermalization in the muon stopping target or nearby materials. The muon stopping target also functions as the cathode for PCs on either side, so that muons stopping in the target can be identified with little ambiguity. From the positron distributions for decays after 1 µs in the graphite-coated Mylar (125 µm) target which was used for data taking in 2002 [3, 4] , the mean initial polarization was estimated to be 93%, with an exponential relaxation parameter of 0.0172(5) µs −1 . The depolarization was too high for the results to be useful in any direct measurement of P µ ξ. The subsequent use of a high purity aluminum (71 µm) target, for data which is still under analysis, shows extremely small timedependent depolarization. A third significant potential source of depolarization for T WIST is the effect of the fringe field as the muon enters the solenoid, which is minimized by detailed knowledge of the fringe field distribution and the muon path through it. A low-mass, lowpressure beam measurement device (TEC) has recently been commissioned and used to record very precise information on the muon beam spatial and angular distributions in only a few minutes. We optimize those characteristics, measure them, and monitor them for long term stability in short dedicated periods interspersed with longer data sets without the TEC in place.
A gas degrader of length 20 cm is in the muon path inside the solenoid, after a vacuum isolation window and immediately before the beam passes through the trigger scintillator and enters the detector stack. A variable mixture of He and CO 2 is automatically adjusted so that the muon stopping position as measured by the detector planes is in the correct place, to compensate for atmospheric density variations and thereby reduce a significant systematic uncertainty.
ANALYSIS
The challenge in the analysis is to select the e + emitted from µ + decays over the largest possible range of momentum and angle without introducing significant bias. The positron energy is calibrated at the kinematic end point at 52.8 MeV/c. The analysis is applied both to the data and the simulation and the results are compared to determine the decay spectrum. Biases in the analysis are then compensated to the extent to which the simulation accurately reproduces the data. The validation of the simulation determines the associated systematic uncertainty.
The GEANT3 simulation contains virtually all detector components, and simulates detector response in detail, including ionization clusters. It uses a realistic beam profile based on measurements, and includes extra (pileup) muon and beam positron contamination. The output is in digitized format, identical in appearance to the real data.
Extraction of decay parameters and blind analysis
To extract decay parameters from the experimental decay positron energy and angle spectrum, one needs to take into account detector response. This is accomplished by comparison with the GEANT3 Monte Carlo (MC), which simulates the response to a degree which can be independently verified. However, a simulation requires not just the theoretical formula, but also a set of specific values of decay parameters to proceed, and the result is a convolution of decay and detector response for only those values. To perform a fit for non-specific values of decay parameters, T WIST has developed a technique which uses an expansion of the convoluted spectrum in deviations of the parameters from their MC values [14] . The scheme can be visualized by
where n i (α Data ) is the experimental spectrum, n i (α MC ) is the simulated one, and ∆α = α Data − α MC is the fit parameter. The ∂n i /∂α coefficient is calculated by Monte Carlo using analytical derivatives of the theoretical spectrum, where α stands for the decay parameters {ρ, η, ξ, ξδ}.
Since the Michel form of the spectrum is linear in α, the first-order expansion is exact in this parametrization.
The fitting procedure described above allows for a straightforward "blinding" of the analysis: since the fit gives only the deviations from the MC values, hiding α MC is sufficient. Values of decay parameters for MC production are generated randomly, within given tolerances, then hidden in encrypted form. They are used to produce a large set of "decays" {E, cos(θ)} which is stored on disk and can be fed to GEANT.
The fitting procedure is also applied to the estimation of biases and systematic effects, where differences in decay parameters are determined from comparisons of data sets (real data or simulation) obtained under differing controlled conditions. Hidden parameters are revealed only after the full analysis and specification of systematic uncertainties.
SYSTEMATIC UNCERTAINTIES
The general method to evaluate systematic uncertainties is to exaggerate, in data and/or simulation, the underlying condition (e.g., a variation in detector high voltage can cause a change in efficiency or position-to-drift-time characteristics) beyond what would be expected in practice. The effect on each decay parameter can be extracted by fitting distributions corresponding to exaggerated and normal conditions, and the results scaled to the assessed real variation in data. It is important to pay careful attention to the possibilities of non-linearity in the exaggeration, or double counting of systematic effects (e.g., in the high voltage example, both efficiency and detector response are altered).
Sources of systematic uncertainties which have been considered are grouped into classifications as follows Positron interactions: energy smearing, multiple scattering, hard interactions, interactions in materials both inside and outside the detector.
Chamber response: DC and PC efficiencies, chamber dead zones following arrival of a highly ionizing muon, long drift time corrections, voltage variations, temperature, pressure, chamber foil geometry (bulges), crosstalk, time zero variations.
Momentum calibration: end point fits, magnetic field reproduction.
Muon beam stability: muon stopping location, beam intensity variations, and beam line magnet stability.
Spectrometer alignment: translational, rotational, longitudinal, field to detector axis alignments.
A summary of contributions to systematic uncertainties of ρ and δ is shown in Table 1 . Since T WIST relies on a fit to a simulation, it is extremely important to verify the validity of the simulation. The validation process depends on the particular source of systematic G.M. Marshall One example which tests the critical assumptions of positron interactions as simulated by the GEANT3 code is to compare the measurements with fits to tracks predicted by the MC for the case where muons do not stop in the muon stopping target at the center of the detector stack, but rather, at one end of the detector stack. The resulting decay positrons can pass through both halves of the stack, on either side of the stopping target, where on one side the direction of the positron is opposite to that in normal events. This provides, for both MC and real data, two measurements of the same track. The differences in fitted energy and in angle in the two halves can be compared, and the result used to set a limit on several of the positron interaction systematics.
RESULTS
A detailed presentation of analysis procedures and results can be found in [3, 4] . To summarize, we find ρ = 0.75080 ± 0.00044(stat.) ± 0.00093(syst.) ± 0.00023, consistent with the Standard Model expectation ρ = 3/4. This result assumes that η is given by the accepted value [5] , η = −0.007 ± 0.013; the third uncertainty represents the change in ρ when η changes within its uncertainty. Within left-right symmetric models, this result sets a new upper limit, |ζ| < 0.030 (90% c.l.), on the W L − W R mixing angle, as shown by the dashed horizontal lines in Fig. 2 . In addition, we find δ = 0.74964 ± 0.00066(stat.)±0.00112(syst.), consistent with the Standard Model expectation of 3/4. Using this along with the value for ρ, a previous measurement of P µ ξδ/ρ [15] , and the constraint Q µ R ≥ 0, it is possible to establish new 90% confidence interval limits, 0.9960 < P µ ξ ≤ ξ < 1.0040, consistent with the Standard Model value of 1. This result is more restrictive than the current best measurements for muons from pion and kaon decays [16, 17] . In addition, from these same results one finds that Q µ R < 0.00184 with 90% confidence. The previous, current, and potential future limits on δ and ξ are plotted in Fig. 3 to show the [15] to 420 GeV/c 2 (90% confidence) under the assumption of pseudo-manifest left-right symmetry. For nonmanifest left-right symmetric models the limit is M W 2 g L /g R > 380GeV/c 2 , where g L and g R are the coupling constants [18] . Eventually, T WIST hopes to increase these two lower limits to 650 and 590 GeV/c 2 respectively, with a direct measurement of P µ ξ of precision less than 5×10 −4 . The relative restrictions imposed by muon decay on the pseudo-manifest LRS parameters are shown in Fig. 2 . Regions are shown which correspond to the prior best muon decay limit from P µ ξδ/ρ [15] (coarse hatching, dotdashed), the current indirect T WIST P µ ξ measurement (medium, dashed), and expected future direct T WIST P µ ξ (fine, solid) measurements of muon decay. It should be noted that many other measurements, from nuclear β decay to direct searches for a heavy W , provide restrictions on the LRS parameters; they are so numerous that it is impossible to summarize them in the figure. However, if the right-handed neutrino is light enough to be produced, muon decay is particularly insensitive to assumptions about the details of the LRS model, in particular the structure of the right-handed CKM matrix, since it is almost purely leptonic (muon polarization in pion decay provides the very weak dependence on the assumptions).
Finally, the value of δ is sensitive to a proposed nonlocal interaction [12] that would be represented by a new parameter κ. A limit for κ may be estimated from our 90% confidence lower limit for δ using the relation δ = 3/4(1 − 6κ 2 ). This results in κ ≤ 0.024, which compares with κ = 0.013 [12] hinted at by π decay experiments.
SUMMARY
T WIST has produced its first results for ρ and δ, both of which are consistent with Standard Model values. Data are being analyzed for our first direct measurement of P µ ξ, and improvements to all three parameters are foreseen. The ultimate precision will be limited by systematic uncertainties, in some cases by how well they can be determined from dedicated and specialized data sets. The dominant systematics are expected to arise from chamber response and positron interaction sources, and for the polarization measurement, the degree to which depolarization can be estimated.
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